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Abstract 
The Fast Breeder Test Reactor at Kalpakkam has completed nearly 25 years of operation and is now 
operating at 18 MWt capacity with 46 fuel subassemblies (FSA) in the core consisting of 27 Mark-I 
(70% PuC+30% UC), 13 Mark-II (55% PuC+45% UC) and 6 MOX (44% PuO2 + 56% UO2) and one 
test PFBR FSA. Post Irradiation Examination (PIE) campaigns on FSAs at different burnup levels has 
provided valuable information about the irradiation behavior of the carbide fuel. This paper gives a 
summary of the irradiation performance of the carbide fuel evaluated through some of the investigations 
such as neutron radiography, X-Radiography, gamma scanning, fission gas analysis and ceramography.  
Burnup of the carbide fuel could be enhanced from the initial design burnup limit of 50 GWd/t to 165 
GWd/ through systematic PIE. 
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1. Introduction 
    Mixed carbide fuel chosen as the driver fuel for FBTR has attained a peak burnup of 155 GWd/t.  
Since the fuel used is first of its kind and no information exists regarding the irradiation behaviour of 
this fuel, a conservative burnup of 50 GWd/t and a linear heat rating of 320 W/cm was envisaged for 
this fuel [1].    Extension of burnup beyond this design limit requ ired comprehensive performance 
assessment through PIE [2].  Various non-destructive and destructive examinations were employed for 
post irradiation irradiation characterization of the fuel.  This include X-radiography, N-radiography, 
axial gamma scanning, fission gas release measurements and ceramography.  The details of 
examinations carried out and the salient results are discussed below. Table 1 shows the details of FBTR 
fuel pins.   
__________________ 
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Table 1. Pre-irradiation data of FBTR fuel pins  
 
 
 
 
 
 
 
 
 
2. Experimental  
2.1. Swelling behaviour of the fuel  
    X-radiography and N-Radiography techniques were used to assess the swelling induced increase in 
fuel stack length, integrity of fuel pin internals like springs, fission gas plenum, insulation pellet, spring 
support spacers etc., in addition to service induced defects on the clad tube and end plug weld.  X- 
Radiography was carried out using the 420 kV industrial X-ray machine and neutron radiography using 
the KAMINI neutron source facility [3].    To minimize fogging of films due to high intensity gamma 
radiations, innovative methodologies were adopted such as optimization of radiography parameters and 
using special mechanism for high speed positioning and retrieval of films.  To assess the level of 
gamma fogging, auto-radiography was carried out prior to radiography of irradiated fuel pins. 
Dimensional measurements were carried out on the radiographs by image analysis and optical non -
contact measuring instrument. Dimensions obtained from the radiographs  were suitably corrected for 
total un-sharpness and the non-uniform magnification of the pins in  the axial direction.  
    Radiographic examination of experimental fuel pins with two different fuel composition [Mark I – 
(U0.3 Pu 0.7)C & Mark II - (U0.45 Pu 055)C was done to understand the beginning-of-life swelling 
behaviour. X-radiographs indicated clearly the presence of inter-pellet gaps and pellet-clad gap in the 
fuel pins.   Progressive increase in fuel stack length was observed with increasing burnup.  The st ack 
length increase in Mark-II fuel pins was found to be lower than that of Mark-I fuel.  
    Evaluation of X-radiographs of the fuel pins after 25 GWd/t and 50 GWd/t revealed presence of 
pellet- to-pellet gap and pellet to clad gap at the end of fuel columns. In the case of fuel pins of 100 
GWd/t burn-up, the pellet to pellet gap and pellet to clad gap appear to have closed at the centre of the 
fuel column. However, pellet to pellet gap was still observed in the end of the fuel column. The increase 
in stack length was found to vary from 1.01% to 2.61%. 
    The radiography of 155 GWd/t fuel pins also indicated the absence of pellet to pellet gap and pellet 
to clad gap.   The increase in fuel stack length varied from about 8.47 to a maximum of 11.71mm. 
(2.7% to 3.7%). Fig. 1 shows the X-radiographs of the fuel pin of 155 GWd/t burn-up. Fig. 2 shows the 
trend in the increase in fuel stack length as a function of burn-up. 
 
 
 
 
 
 
No. of fuel pins per 
subassembly 61 
Fuel pin length  531.5 mm 
Fuel composition  (U0.3 Pu 0.7)C 
Fuel stack length 320 mm 
Type of  bond Helium 
 Fuel Density 90 % of T.D 
Smear density 83 % of  T.D 
Pellet diameter 4.18 mm 
Outer diameter  of fuel pin 5.1 mm 
Inner diameter of fuel pin 4.36 mm 
Fuel clad material 20 % CW 316 SS 
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Fig.1 X- Radiographs of fuel pin after 155 GWd/t burn-up 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Fuel swelling as a function of  burn-up 
 
    Neutron radiography of fuel pins at different burnups did not indicate any evidence of actinide 
redistribution.  The fuel stack lengths measured from neutron radiographs compared well with that of 
the measurements from X- radiograph.   
2.2. Gamma scanning 
    Axial gamma scanning has been carried out on FBTR fuel pins from fuel subassemblies discharged 
after attaining peak burnup of 100 GWd/t  and 155 GWd/t.  A new gamma scanning bench was 
designed, fabricated and installed in the hot cell for this purpose.  The system has four axis motorized 
stages for precise movement of fuel pins with software for automated movement and acquisition of 
gamma spectrum. Fig. 3 shows the photograph of the precision gamma scanning bench.  Gamma 
spectrum was acquired through the collimators in the turret assembly established in the hot cell wall to 
facilitate a well defined region of the fuel pin to be seen by the detector.  The scanning was done using 
gamma spectroscopy system with High Purity Germanium (HpGe) detector. 
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Fig. 3.  Photograph of 4 axis gamma scanning bench 
 
    Axial distribution profile for the important fission products was obtained by acquiring gamma 
spectrum from various locations along the length of the fuel pin. Gamma scanning clearly revealed 
migration of Cesium from the centre of the fuel column.  Plenum regions also indicated the presence of 
cesium.  Axial distribution of Ruthenium (Ru106) indicated a smooth profile.  Fig. 4 shows the gamma 
spectrum obtained from one of the axial locations of the fissile column.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.  Gamma spectrum from the fuel pin 
 
Fig. 5 & 6 shows the axial profile of Cesium and Ruthenium.  Axial flux profile was estimated from the 
gamma count rates for Ruthenium at various locations of the fuel column.  An axial form factor of 0.6 
was estimated from the ratio of the gamma count rate at the end of the fuel column to the count rate at 
the centre of the fuel column.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Axial distribution of Ruthenium                                                Fig. 6 Axial distribution of Cesium 
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2.3. Fission gas release 
    Fission gas extraction and analysis was carried out on few selected fuel pins of different burn -ups.  
An improved fuel pin puncturing device with dual puncturing tool was used for extracting fission gas 
simultaneously from the top and bottom plenum regions.  This was necessitated due to the closure of 
fuel-clad gap resulting in isolation of top and bottom plenums.  Fig. 7 shows the photograph of the 
double end fuel pin puncturing device.   
    The fission gas extraction chamber is pre-evacuated and pressure in the chamber after puncturing is 
measured using a capacitance transducer.  The dead volume of each fuel pin  and the fission gas pressure 
is estimated using ideal gas  laws.   Fission gas sample collected in a stainless steel vial was analysed in 
gas chromatograph using hydrogen as the carrier gas.  The percentage of fission gas release. Xe/Kr ratio 
and helium content in the fuel pins were estimated.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7 Photograph of double end fuel pin puncture chamber  
 
    Fission gas release on fuel pins after 25 GWd/t burn-up was found to be around 1 %. In 50 GWd/t 
burnup fuel pins, fission gas release values were varying between 8% - 18 %.  Fission gas release 
measurements after 100 GWd/t burn-up indicated that the gas release is in the range of  4 – 14 % [4].   
The lower fission gas release in 100 GWd/t burnup fuel pins is attributed to the reduction in fuel 
operating temperatures due to closure of fuel-clad gap.  Maximum fission gas release estimated on 155 
GWd/t burn-up fuel pins was 16 % and the corresponding internal pressure in the fuel pin was measured 
to be 2.1 MPa.    The ratio of Xenon to Krypton was estimated to be around 13.  Table 2 shows the 
fission gas release values and plenum pressure measured at different burnup levels.  
 
Table 2 Fission gas release & plenum pressure 
 
 
 
 
 
 
 
 
 
 
2.4. Remote ceramography 
    Remote ceramography was carried out on selected fuel pins at different burnup levels.  Cut sections 
of the fuel pins were extracted from different axial locations of the fuel column corresponding to 
maximum and minimum burnup. The fuel pins were impregnated with liquid epoxy resin to immobilize 
the fuel column.  Remote grinding and polishing of the molded fuel-clad cross-sections were carried out 
under controlled atmosphere of high purity nitrogen to prevent oxidation and hydrolysis of carbide fuel.   
Burn-up 
(GWd/t) 
Fission gas 
release  
% 
Internal 
pressure in the 
fuel pin  (MPa) 
      25 0.16 - 1 0.12 
50 7 - 18 0.4 – 0.7 
100 3 - 14 0.5 – 1.2 
155 8.5 – 15.7 1.15 – 2.09 
232  C.N. Venkiteswaran et al. / Energy Procedia 7 (2011) 227–233
 
Polished/etched surfaces of the specimens were then transferred to replica for optical microscopy [5].  
Photomosaics prepared from fuel-clad cross sections were subjected to image analysis for estimating 
the fuel-clad gap.  Volumetric swelling was estimated to arrive at the free swelling rate of the carbide 
fuel.     
    The examination of the driver fuel pins at different burn-ups indicated a systematic change in the 
fuel-clad gap with increasing burn-up.   Progressive reduction in the fuel-clad gap and radial cracks 
were observed in 25 & 50 GWd/t burnup fuel pins.  The fuel-clad cross section of 100 GWd/t burn-up 
fuel pin revealed absence of the gap at the centre of the fuel column with circumferential cracks 
whereas the cross section at the end of the fuel column indicated presence of minimum fuel-clad gap 
with radial cracks.  In 155 GWd/t burn-up fuel pins, the fuel-clad gap had closed completely along the 
entire length of fuel column with circumferential cracks in the centre and end of the fuel region 
indicating initiation of Fuel Clad Mechanical Interaction (FCMI).  Fabrication porosities present in the 
fuel was found to decrease with increasing burn-up indicating that the swelling of the fuel is being 
accommodated in the porosities.  Exhaustion of porosities was noticed in the outer rim in 155 GWd/t 
burnup fuel pin at the centre of the fuel column indicating that the fuel is undergoing hot pressing/creep 
deformation due to fuel swelling under clad restraint.  Fig. 8 shows the photomosaics of fuel pin cross -
sections at the centre of the fuel column after 25, 50, 100 & 155 GWd/t burnup.   
 
 
 
 
 
 
 
 
 
Fig. 8  Photomosaics of fuel pin cross-sections at the centre of the fuel column of different burnups 
 
    Pellet diameters were estimated by image analysis of photomosaics [6].  From the estimated diameter 
increase of the fuel, the diametrical swelling and volumetric swelling of the fuel is calculated.  The 
volumetric free swelling rate of the fuel was estimated to be around 1- 1.2% per atom % burn-up.  
 
3. Discussion & Conclusions 
    Fuel swelling evaluated through X-radiography and Ceramography clearly indicated that the fuel has 
a lower swelling rate than anticipated.   
    The fission gas release measurements at various burnups have indicated that the FBTR mixed carbide 
fuel has very low fission gas release and the nominal increase in pressure due to fission gas release is 
not a constraint in extending the fuel burnup.   
    Axial gamma scanning of the fuel pins indicated redistribution of cesium from high temperature 
regions to low temperature locations.   
    Micrographs of the fuel clad cross section at different levels of burn-ups indicate the systematic 
evolution of the cracking pattern, fuel-clad gap and porosity in the fuel microstructure as function of 
burn-up. The availability of sinter porosities observed even after a burn-up of 100 GWd/t indicated that 
the fuel can accommodate further swelling without severe FCMI.  Exhaustion of sinter porosities in the 
outer rim of the fuel and circumferential cracking throughout the fuel column after 155 GWd/t burn -up 
indicates increased fuel swelling and Fuel-clad mechanical interaction (FCMI). Porosities in the fuel 
and swelling of the clad have accommodated the fuel swelling to some extent.  
Microhardness measurements on the clad cross -section did not indicate any variation of hardness across 
the clad wall thickness.  Microstructural examination of the clad also did not indicate any grain 
boundary attack in the clad inner diameter confirming the absence of carburization.  
    Systematic performance evaluation of fuel at various stages of burnup has indicated that the novel 
mixed carbide driver fuel has performed very well.  The understanding the fuel behaviour has given the 
confidence to extend the burnup to 165 GWd/t, well beyond the initial design estimates.   
 
 
 
155 GWd/t 100 GWd/t   50GWd/t 25 GWd/t 
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